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INTRODUCTION 
Usually, disbonds on solid rocket motors are examined by tangential radiography. The 
motor is rotated around its axis and radiographs are taken at video rate on the border of the 
motor. Due to the high attenuation of X-rays through the motor, the signal-to-noise ratio of 
the delamination is very poor. On a single radiograph, even large defect are difficult to 
detect. Usually, when a defect is detected, the motor rotation is stopped and the photon 
noise is reduced by summing a lot of radiographs at the same orientation. 
In order to improve the signal-to-noise ratio of the measurements without stopping the 
motor rotation, we developed a tomosynthesis method adapted to the acquisition geometry 
of the tangential radiography. In this communication we first present the principle of the 
tomosynthesis method for tangential radiographs and the associated algorithm. Then we 
present an evaluation of this method. In this evaluation we estimate the expected 
improvement of the signal-to-noise ratio. We show that the method improves the signal-to-
noise ratio for small angles and that this ratio degrades very fast for large angles. We also 
estimate the consequences of geometric calibration errors on the reconstruction quality. 
Finally we present experimental data acquired on a phantom at the scale one tenth. 
METHOD 
Tomosynthesis Principles 
The tomosynthesis technique has been introduced has early as 1932 by Ziedses des 
Plantes [1]. D.G. Grant [2] in 1972 modeled the effect of out offocus structures on the 
reconstructed image. In these methods the X-ray source and the film are displaced through 
a constrained trajectory in order to image one plane of the object. 
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Figure 1. Tomosynthesis principle: each point of the focal plane projects at the same 
location on all the radiographs. 
On the obtained image are superimposed a sharp image of the focal plane and a blurred 
image of the surrounding areas. In the method described by Grant (figure 1.) the trajectory 
of the source is a circle in a plane parallel to the detector. 
The configuration presented in figure 1 is also commonly used on medical systems [3] 
and on industrial systems for circuit board examination [4]. In such a configuration, the 
imaged surface is a plane parallel to the source trajectory. In order to image non planar 
surfaces, Liu et aI. [5] have introduced a method of digital tomosynthesis. The principle of 
this tomosynthesis method is to use the knowledge of the trajectory, on the detector, of 
each point of the surface to be imaged in order to perform a pixel-by-pixel calculation of the 
surface image. In fact this process is a backprojection process. The main difference with the 
backprojection in tomography is that the relative movement of the object and the detector 
may be complex. 
The method that we present is based on the principle developped by Liu et aI. The 
acquisition geometry is simpler that the one ofLiu et al. because our object is just in 
rotation, but the rotation axis is not in the field of view. The surfaces on which we focus 
are the set of planes containing the rotation axis. 
Acquisition Geometry 
The acquisition geometry is described in Fig. 2. Our system is rotating around a fixed 
axis therefore the relative position of the detector and the axis does not change during the 
data acquisition. 
As detailed in [6,7], we defined two sets of axes, the detector and the object set of axes: 
the acquisition geometry will be defined by the translation and the rotation that relates these 
two sets of axes. 
We define the detector set of axes by the unitary vectors (ii, V, w) where: 
ii is along the detector rows, 
v is along the detector columns, 
w is normal to the detector and directed towards the object. 
The orientation of ii, v is chosen such that (ii, v, w) form a right-handed orthonormal 
system. 
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Figure 2. Definition of the object and detector sets of axes: (a) general definition, (b )case 
of solid rocket motor tangential radiography. 
We define the object set of axes by the unitary vectors (1, J,k) where: 
kis along the rotation axis 
i and J are chosen such that (i,J,k) form a right handed orthonormal system. 
We describe the rotation of the final rotated system (ii, v, w) relative to the initial 
coordinate system (i,], k) by three rotations each described by one Euler angle [8]. 
We note these angles D,~, '1'. In order to define our notation we introduce the two 
intermediary sets of axes: (ii', J',k) and (ii', v', w). The (ii', J',k) axes are rotated about the 
k axis through an angle 'I' counterclockwise relative to (i,J,k). 
The (ii', v', w) axes are rotated about the ii' axis through an angle ~ counterclockwise 
relative to (ii', J',k). 
The (ii, v, w) axes are rotated about thew axis through an angle D counterclockwise 
relative to(ii', v', w). 
The final rotation is given by: 
q =Rx Y [p] [X] 
I (ii,v,w) Z (T,1,k) (1) 
with 
[ 
cOS'l'.COSD - sin 'I'.cos~.sin D cos'l'.cos~.sin D + sin 'I'.COSD 
R = -cos'l'.sin D - sin 'I'.coS~.COSD cos'l'.coS~.COSD - sin '1'. sin D 
sin '1'. sin ~ - cos '1'. sin ~ 
sin D.sin~] 
cosD.sin ~ (2) 
cos~ 
We denote a the origin of the object system and ad the origin of the detector system, 
where: 
- a is the point of the rotation axis the closest to the focal axis. The focal axis is the 
line which is normal to the detector and crosses the focal point F, 
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- Od is the intersection of the detector plane and the line passing through F and O. 
In order to describe the translation between the two sets of axes, we introduce two 
intermediary points, Gd and G, where: 
- Gd is the perpendicular projection of the focal point F on the detector, 
- G is the intersecion between the focal axis and the plane passing through 0 parallel 
to the detector. 
The distances FGd, FG and OdGd describe the translation between the object set of axes 
and the detector set of axes. 
The system geometry is known once the following parameters are known: 
- Gd position on the detector, FGd, pepd, peqd 
- FG, 8, ~, \JIo, OdGd 
where pepd and peqd are the sampling steps on the detector and \JIo is the value of\JI at the 
first projection. 
In our application, the caracteristic value for these parameters will be the following: 
pepd = peqd = 0.8 mm, 
-- --
FGd = 5 m, FG = 2.5 m, (3) 
8 = 0°, ~ = 90°, OdGd = 3 m. 
Processing Algorithm 
The proposed method involves three separate steps. First the acquisition geometry must 
be measured this step is detailed in [6]. Then for each point of the imaged surface, the 
position of the projection of this point on each radiograph must be computed. These 
positions are stored in a set of tables. Finally the summation process computes an image of 
the surface on wich the tomosynthesis is focused. We only describe here the last two steps. 
The computation of the table is performed the following way: 
For each point (x,y) of the surface to be examined 
For each projection direction \JI 
Compute the position (p,q) on the detector of the projection of (x,y) on the 
detector. 
Write this position in the arrays p(\JI,x,y) and q(\JI,x,y) 
End for \JI 
End for (x,y) 
Ifwe suppose that 8 = 0 and ~ = 90° and if we choose Gd as the origin of the detector 
set of axes, it comes [6] from equation 2: 
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FGd(x.cos\JI + y.sin \JI - OG) p= 
FG - x.sin \JI + y.cos\JI 
FGd.z 
q===~----------
FG - x.sin \JI + y.cos\JI 
(4) 
The summation process leading to the tomosynthesis image of the surface is described by 
equation (5): 
g(x,y)= I,f(p('I',x,y),q('I',x,y)) (5) 
'V 
where g is the reconstructed image and f is the radiographic image. 
We see on equations 4 and 5 that the quality of the reconstruction will be tightly linked 
to the accuracy of the tables p('I',x,y) and q('I',x,y), that is to say to the quality of the 
estimation of the geometric parameters. 
Sensitivity to Calibration Parameters 
Let us estimate the sensitivity of p and q to the precision on the different geometric 
parameters. When the axis of rotation is parallel to the detector that is to say when 0 = 0° 
and ~ = 90°, if we assume that the rotation angle 'I' is small, the trajectory of a point of the 
object reduces to: 
d FGd(xm+ym.'I'-OG) d pa = +pg 
FG-xm.'I'+ym 
d FGd.zm d qa = +qg 
FG-xm.'I' + ym 
By computing the partial derivative of the trajectory with respect of each geometry 
parameter, we can estimate how precisely each parameter must be estimated. 
opad = 1 oqad = 0 
opgd ' opgd 
opad = 0 oqad = 1 
opgd ' oqgd 
opad = FGd.(xm+ ym.'I'-OG) =0.05 
oFG (FG-xm'l'+ym)2 
oqad FGd.zm 
oFG = (FG- xm'l'+ym)2 0.2 
apad = (xm+ym.'I'-OG) =0.02 
oFGd (FG - xm'l' + ym) 
oqad = zm = 0.09 
oFGd (FG - xm'l' + ym) 
opad _ -FGd = 2 23 oqad = 0 
oOG (FG - xm'l' + ym) . , oOG 
(6) 
(7) 
The set of equations 7 shows that the most sensible parameter is the horizontal distance 
between 0 and G. 
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Improvement of the Signal to Noise Ratio 
The noise on the measurements increases with the angle '1', X-ray must cross increasing 
thickness of material before reaching the detector. For small values of '1', the noise on the 
measurement increases slowly, therefore for small values of '1', the signal to noise ratio of 
the reconstructed image improves using contribution of radiographs with increasing values 
of '1'. But when 'I' is large, the noise on the measurement increases very fast and the signal-
to-noise ratio deteriorates using data corresponding to increasing values of'l'. 
In order to simplity the calculation we consider that the source to detector distance is 
large enought to neglect the beam conicity. We assumes that the object is a uniform cylinder 
of radius R and attenuation coefficient Il and that the defect is a spherical void of diameter e 
located at a radius Re. 
Let 'l'e be the angle between two projections and 'l'f the total angle on between the first and 
the last radiographs during the tomosynthesis process. The signal on the radiograph will be: 
Sf = ell (8) 
The signal on the tomosynthesis is given by: 
(9) 
the quantum noise on the radiograph is: 
(10) 
.. 
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Figure 3. Ratio between the tomosynthesis signal to noise ratio and the tomosynthesis signal 
.. Ss/Bs to nOise ratIo, ---
Sr I Br 
366 
and the quantum noise on the tomosynthesis is: 
(11) 
If we compute the variation of the ratio between SsfBs and SrlBr versus the rotation angle 
"'f, we see that there is an optimum value (figure 3.). 
VALIDATION ON EXPERIMENTAL DATA 
Acquisition Geometry 
We performed experimentations on a phantom at the scale one tenth, the geometric 
parameters were the following: 
pepd = peqd = 0.4 mm 
FGd = 50 em 
FG=25 em 
0=0° 
~ = 90° 
(. 
,~~ 
. , 
.. c) 
Figure 4. Experimental results: (a) Direct radiograph ofa lead bead which has been 
(12) 
inserted in the phantom. (b) Tomosynthesis reconstruction of the same lead bead using 43 
radiographs. (c) Radiograph of two delaminations. (d) sum of few radiographs arround the 
delaminations. (e) Tomosynthesis using 43 radiographs of the delaminations. On these 
images the defect are the bright areas. On images (c), (d), (e), there are two delaminations 
one on the right side and the other close to the middle of the image. On the tomosynthesis 
images, the delamination on the right and side is clearly visible and the delamination on the 
left hand side is detected. 
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The pixel size is not at the scale, therefore the defect used in the phantom is larger that the 
defect at the scale. 
Reconstruction Results 
We show in figure 4 the results of three different methods of examination. The 
straightforward radiography, the sum offew successives radiographs and the tomosynthesis. 
On this figure we see that the tomosynthesis method is the only one that detects the two 
delaminations. 
CONCLUSION 
We presented in this communication a tomosynthesis method that improves the signal to 
noise ratio of the defect and that avoids stopping the rotation of the solid rocket motor 
during the examination. We demonstrated that the angle used to process the data presented 
an optimum. We presented experimental results on a phantom at the scale one tenth and 
these experimentations confirmed that tomosynthesis improved delamination detectability. 
Our future work will be focused on full scale experimentation and on real time 
implementation of the tomosynthesis process. 
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